A new toxic menace, polybrominated diphenyl ethers (PBDEs), is being detected in the aquatic environment all over the world. The environmental presence of PBDEs and its entry into the environment as BDE-47 and -99 make quality aquatic toxicity data necessary to assess the aquatic hazard risk of PBDs. This study examines the effects of three PBDE-47 and -99 on embryo and larval stages of the marine flatfish turbot (Psetta maxima). The acute toxicity of the three PBDEs was examined and NOEC, LOEC, LC 10 and LC 50 were calculated. All tested compounds caused lethal as well as nonlethal malformations during embryo development. The effects of PBDEs in the different life stages of turbot were analysed. PBDEs seemed to be teratogenic at concentrations higher than 8.14 and 16.12 µgL -1 for BDE-47 and -99 respectively, leading to prolonged delays in embryo development and consequent death (at 48 h), as well as severe malformations and mortality of larvae. PBDEs showed a higher acute toxicity for embryo-larvae (LC 50 for lethal endpoints to embryos 27.35 µg BDE-47 L -1 and 38.28 µg BDE-99 L -1 , and 14.13 and 29.64 µg L -1 for BDE-47 and -99, respectively for larvae). Generally, the BDE-47 seemed to cause adverse effects at comparatively low dose rates, whereas much higher doses were needed to cause the same effects with BDE-99. The results of the present study show that the acute toxicity of PBDEs decreases as the degree of bromination increases, since the order of toxicity was BDE-47˃ BDE-99. The major isomers also exhibited a clear toxic potential for turbot ELS although at high concentrations, above solubility saturation, pointing at particulate matter as the main via of uptake for those hydrophobic molecules.
Introduction
Polybrominated diphenyl ethers (PBDEs) are widespread pollutants of increasing environmental concern due to their persistence and high bio-accumulative capacity. They are currently important components in flame retardants and other industrial processes such as electronic equipment, plastics, textiles, and building materials, thus recognized as ubiquitous environmental contaminants (de Wit 2002) . Since PBDEs are polymer additives and are not chemically bound to materials, they are known to leach into the surrounding environment (de Wit 2002) and become ubiquitous contaminants. These compounds are not naturally biodegradable in the OECD Test (EU draft RAR 2000) , they easily bio-accumulate in fatty tissues and biomagnify throughout food chains (Law et al. 2006) .
These compounds are typically produced in three different formulations with varying degrees of bromination, penta-PBDE, octa-PBDE, and deca-PBDE (Alaee et al. 2003 , La Guardia et al. 2006 . The majority of PBDEs found in environment are 2,2′,4,4′-tetrabromodiphenyl ether (BDE-47) and 2,2′,4,4′,5-pentabromodiphenyl ether . The most prevalent PBDE congeners found in maternal and cord blood are BDE-47, BDE-99, BDE-100, and BDE-154 (Guvenius et al. 2003; Mazdi et al. 2003) . The constituents of penta-BDE are the most bioaccumulative and frequently encountered in common organisms, such as fishes. The order of congener dominance in these organisms is typically BDE-47 > BDE-99 > BDE-100 > BDE- 154 (de Wit 2002) . Recently, the constituents of Penta-BDE technical mixtures have been proposed as persistent organic pollutant (POPs) candidates since they embody all the characteristics of the Stockholm convention definition of POPs: bioaccumulation, toxicity, persistency and long-range transport potential (WWf 2005) . Penta-BDE mixtures, as well as the octa-BDE mixture, have been banned in 2004 in the European Union (EU 2003) .
Our objective was therefore to tests the toxicity of the three environmentally most abundant BDEs (i.e. -47, -99 and -147) on the early life stages (ELS) of turbot. Early life stages are generally considered as more sensitive than juvenile and adults. In fish early life stage tests, toxicant effects can be examined through diverse endpoints, such as hatching success, embryo-larval morphology malformations and larval survival. (Mhadhbi et al. 2010 ).
Materials and methods

Biological material
Turbot (Psetta maxima) eggs from a single stock of adults were obtained in kind from a fish hatchery (PESCANOVA, Insuiña S.L., Mougás, Galicia, Spain). Eggs were transported to the laboratory in plastic bags inside portable ice-boxes, and maintained in aquaria with running natural seawater (salinity 34‰). Eyed eggs were acclimated to laboratory conditions for 24 h at 14 ± 1ºC (hatchery rearing temperature) before the experimental exposures to the toxicants.
Experimental solutions and exposures
PBDE congeners were purchased from ChemService, Inc. (Greyhound Chromatography and Allied Chemicals, UK). Stock solutions of PBDEs were dissolved in Dimethyl sulfoxide (DMSO, Sigma-Aldrich, Steinheim) and stored in amber-glass vials. The following PBDEs were selected based on their abundance in environmental samples: BDE-47, -99 and -154. For each toxicant, six concentrations in a 2x geometric scale, plus one control with no PBDEs added were tested, using four replicates for each condition. All treatments, including controls, contained <0.01% (v/v) DMSO which was constant in all treatments for a given experiment. Control embryos (exposed to 1µM-filtered seawater) were included as references for normal embryonic development. The final DMSO concentration was always less than 0.1% v/v, as this was found to be non toxic in the preliminary test. At the start of the first test, the stock solutions were prepared in sufficient volumes and stored in the dark at room temperature. Glass vials containing at least 500 ml of each exposure solution and 50 eggs per condition were used. Incubations were made in 1000 ml glass beakers, to avoid losses of the tested compounds from the solutions. The experimental design followed the recommendations from OECD guidelines (OECD 1992; 1998) with the modifications indicated below. The deviations from the guidelines are the higher number of eggs per experiment and the number of reported non-lethal endpoints. All of the experiments were performed using a semi-static test with water renewal every 48 h.
Fish Embryo Exposure and Toxicity Assay
Immediately after their arrival at the laboratory, within 72 hours postfertilization, the floating fertilised eggs were collected and the non-fertilised eggs at the bottom discarded. The eggs were examined under a dissecting microscope, and those embryos exhibiting normal development that had reached the blastula stage were selected for subsequent experiments. Briefly, 50 normal fertilized eggs were randomly selected and carefully distributed into exposure glass beakers containing 500 ml FSW and spiked with the test solutions. Treatments were incubated per quadruplicate in an isothermal room (18 ±1ºC), in dark. Control beakers were similarly set up. Neither food nor aeration was provided during the bioassays. Eggs were transferred into each beaker from the lowest to the highest concentration to minimize the risk of crosscontamination. The effects of the toxicants on turbot embryos and larvae were observed daily throughout the 6-day exposure period (from 0 to 2d embryonic exposure and from 2 to 6d larval exposure). The number of dead eggs/embryos was recorded 48 h after incubation. Hatching was defined as the rupture of the egg membrane, partially as well as fully hatched larvae was counted as hatched. Survival and malformation of larvae were observed and recorded every day after hatching. Mortality was identified by coagulation of the embryos, missing heartbeat, failure to develop somites and a non-detached tail. Sublethal endpoints recorded included embryo malformation and hatching success.
Statistical analyses
Differences between treatments were tested for significance by means of oneway analysis of variance (ANOVA). When differences among groups were significant, the Dunnett's test was employed to compare the control group to each of the experimental groups for calculation of No observed Effect Concentration (NOEC) and Lowest Observed Effect Concentration (LOEC). Statistical significance was set at p ≤ 0.05. The LC 10 and LC 50 and their 95% confidence intervals (95CI) were calculated according to the Probit method after normalizing data to the mean control response using Abbot's formula (Emmens 1948) . The results of the experiments conducted in the dark and under fluorescent light were analyzed using two-way ANOVA. Statistical analyses were conducted using the SPSS version 17.0 statistical software.
Results
The measured exposure concentrations of BDE-47 and -99 were lower to the nominal values. Exposure to PBDEs compounds led to non-lethal and lethal malformations in the early life stages of turbot according to a sigmoidal dose-response pattern shown in Fig. 1 . PBDEs caused a significant decrease in embryo mortality. Surviving organisms suffered a significant decrease in success hatching, malformations (embryos), pericardial oedema and skeletal deformations (larvae), but with no all organisms dying at 96 hph. The controls showed a normal embryo-larvae development. Embryo and larvae mortality in controls was always below 10%, as required for test validity. 4. Discussion PBDE have been increasingly used throughout the world and they have a high potential to affect various aquatic organisms through unexpected modes of action. While most research so far has examined endocrine disruption of PBDEs in fishes, there is very limited information of acute toxicity of PBDEs such as BDE-47 and BDE-99 on the early life stage of fishes and no one in turbot. Here we provided some insight into PBDEs ecotoxicity on embryo-larvae of turbot.
Ours results show that PBDEs can induce health effects in fishes via water phase, which is consistent with previous studies which showed effects via exposure to contaminated food and sediment (Kuiper et al. 2008) . Though the tested PBDEs 4. Discussion PBDE have been increasingly used throughout the world and they have a high potential to affect various aquatic organisms through unexpected modes of action. While most research so far has examined endocrine disruption of PBDEs in fishes, there is very limited information of acute toxicity of PBDEs such as BDE-47 and BDE-99 on the early life stage of fishes and no one in turbot. Here we provided some insight into PBDEs ecotoxicity on embryo-larvae of turbot.
Ours results show that PBDEs can induce health effects in fishes via water phase, which is consistent with previous studies which showed effects via exposure to contaminated food and sediment (Kuiper et al. 2008) . Though the tested PBDEs concentrations exceeded their water solubility in a number of cases, full concentrationresponses were obtained for these in the acute toxicity tests. The results showed that BDE-99 had lower NOEC/LOEC values than BDE-47 for both, embryos and larvae. Previous literature has shown that the acute toxicity of PBDEs is relatively low (Darnerud et al., 2001) . So far, acute effects in fishes have not been reported in the literature, we used results presented for other groups as an approximation. Our results are in line with those observed in Nitocra spinipes copepod where the LOEC for larval development inhibition was 13µg BDE-47 L -1 and 30µg BDE-99 L -1 (Breitholtz and
Wollenberger 2003).
Hatching success has been widely used as an endpoint in fish early-life stage tests. The results showed that embryos' mortality was dependent on the PBDEs concentrations with LC 50 being 27.35 µg L -1 for BDE-47. The turbot embryos in our study were more sensitive to high BDE-47 concentrations than zebrafish (Danio rerio) embryos, as reported by Lema et al. (2007) and generally hatched later. For some toxicants egg's chorion may act as a barrier for embryo protection (Hallare et al. 2006) , the high lipophilicity of PBDEs means the relatively high mortality of embryos reported here and in other studies (e.g. Lema et al. 2007 ) could be due to an incorporation of PBDEs into the egg. It also suggests that incorporated PBDE-47 may be bioavailable to induce toxicological effects even later in development (Lema et al. 2007 ).
The results also show that PBDEs above threshold concentrations 16.27 and 21.12 µg L -1 for BDE-47 and -99 respectively, reduced the hatching success and caused many deformities in turbot. One-way ANOVA using ranks showed that treatment had a statistically significant effect (p<0.05) on a gross abnormalities. The most pronounced effects of BDE-47 were abnormal skeletal formations while for BDE-99 was pericardial edema. This is consistent with morphological abnormalities reported for zebrafish exposures to BDE-47 during embryogenesis (Lema et al. 2007 ). Significant mortality was not observed until 72h after exposure to PBDEs. A significant mortality was observed at 96h exposure. These results are similar to those obtained in zebrafish (Lema et al. 2007 ) and also marine crustaceans or algae (Key et al. 2008; Källqvist et al. 2006 ). Embryos exposed to high concentrations of BDE-99 in our study suffered a significantly decrease in hatching success. It also presented a high incidence of pericardial oedemas, spine malformations and increased mortality. However, the most pronounced effect in larvae exposure was abnormal skeletal formation. It has been observed that increasing all PBDEs concentrations 96 hph produced significant effects on hatching success and mortality, deformities and malformations on larvae. There were significant differences in number of dead larvae (P<0.05) between 24 and 96 h for all PBDEs concentrations used. This is in line with the work of Kuiper et al. (2008) whose exposure of juvenile zebrafish to PBDEs resulted in retardation of development followed by increasing mortality during the first week after hatching in animals exposed to 160 and 500µg L -1 . Our results therefore suggest that the turbot seems to be more sensitive to BDE-99 than other studied organisms.
The mortality of turbot larvae exposed to high PBDEs concentrations illustrates a high sensitivity of larvae at levels at which toxicity became apparent, consistent with the observations of Lema et al. (2007) and Kuiper et al. (2008) . The reduced larval survival observed from our results also agree with Timme-Laragy et al. (2006) who observed reduced juvenile survival in killifish under exposure of a BDE mixture. For adult fish, the literature indicated a lack of effects (e.g. Brinbaum and Staskal, 2004; Kuiper et al. 2006) . It is important to signal that the toxicity of PBDEs is similar or lower than this founded four other toxicants i.e: PCB compounds (LC 50 of PCB 126 for Solea solea ranged between 1.7 and 3.7 ng PCB L -1 observed by Foekema et al. (2008)) and a other toxic (e.g. LC 50 of Cu and Cd were 47.39 and 51.54 µg L -1 , respectively (Mhadhbi et al. 2010) . In this study, serious effects of PBDEs on the early life stages of turbot were observed. Embryos were less sensitive to PBDEs than larvae may be the chorion might have protected our embryos as suggested by Frent (1991) . Maybe, differences in the bioaccumulation are one reason for the differences observed in mortality. A general assumption is that lower numbered brominated congeners are more toxic than the higher ones. As a result, US-EPA has recently banned the domestic production of tetra, penta, and octa PBDEs, although importation of products containing these PBDEs is still allowed. Most of the effects observed in this study occurred at an exposure concentration of 12.9 µg L -1 , which is much higher than concentrations found in the environment. Assuming that the concentrations at which visible effects caused by PBDEs in vitro are high it could at least partially reflect effects caused by PBDEs at lower concentrations in vivo. However, acute toxicity tests with turbot embryo can only be a first step for the assessment of the environmental risk of these chemicals. This is because the PBDEs form a group of highly hydrophobic and persistent chemicals that are detected in various environmental matrices such as soil, water, sediments, and biota (Källqvist et al. 2006 ). In addition to potential ecological concerns, it is now recognized that consumption of contaminated fish is the predominate route of exposure of PBDEs in humans (Schecter et al. 2003; 2005) . The rising levels of PBDEs in aquatic organisms has raised environmental concern due in part to structural similarities with polychlorinated biphenyls (PCBs) and potential toxic effects, which may include effects on neurobehavioral development (Branchi et al. 2005 ) and endocrine disruption (Muirhead et al. 2006) . The PBDEs thus have to be considered as very toxic to aquatic organisms (Wollenberger et al. 2003) .
Conclusions
Turbot fish are an excellent model for the study of ecotoxicity of contaminants in water. The effects of PBDEs in the different life stages of turbot were analysed. PBDEs seemed to be teratogenic to embryo -larval stage at concentrations higher than 8.14 µgBDE-47L -1 and 12.9 µgBDE-99L -1 , leading to malformations and no success hatching in embryo development and consequent death (at 48 h). At 10 µgL -1 PBDEs caused a significant decrease in embryo mortality. Surviving organisms suffered a significant decrease in success hatching, malformations (embryos), pericardial oedema and skeletal deformations (larvae), but with no all organisms dying at 96 hph.
In summary, our results pointed out that the toxicity of PBDEs probably declines during bromination, the order of toxicity was BDE-47˃ BDE-99, but does not vanish since the major isomer exhibit a clear toxic potential for turbot embryo-larvae although probably with a very high concentration.
